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Abstract:
Porcine circovirus 3 (PCV-3) is a recently discovered virus in domestic 
pigs and wild boar. The virus has been described in pigs with different 
clinical/pathological presentations and healthy animals, but the dynamics 
of infection is currently unknown. The aim of this study was to 
longitudinally monitor PCV-3 infection in 152 pigs from 4 different 
healthy farms (A, B, C and D) by means of PCR in serum. The selected 
animals were sampled five (farm A) or six (farms B-D) times from 
weaning until the end of the fattening period. PCV-3 genome was found 
in pigs from all tested ages and farms; few animals had an apparent 
long-term infection (4 to 23 weeks). PCV-3 frequency of detection 
remained fairly uniform along tested ages within farms A and C, but was 
more variable among sampling times in farms B and D. Eight partial 
genome sequences were obtained from six different animals. 
Phylogenetic tree and pairwise distance analysis showed high similarity 
among sequences and with available genomes from different countries. 
This is the first study on PCV-3 infection dynamics in longitudinally 
sampled pigs. Most pigs got infection during their life, although PCV-3 
did not appear to be linked with any specific age.
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22 Summary
23 Porcine circovirus 3 (PCV-3) is a recently discovered virus in domestic pigs and wild 
24 boar. The virus has been described in pigs with different clinical/pathological 
25 presentations and healthy animals, but the dynamics of infection is currently unknown. 
26 The aim of this study was to longitudinally monitor PCV-3 infection in 152 pigs from 4 
27 different healthy farms (A, B, C and D) by means of PCR in serum. The selected animals 
28 were sampled five (farm A) or six (farms B-D) times from weaning until the end of the 
29 fattening period. PCV-3 genome was found in pigs from all tested ages and farms; few 
30 animals had an apparent long-term infection (4 to 23 weeks). PCV-3 frequency of 
31 detection remained fairly uniform along tested ages within farms A and C, but was more 
32 variable among sampling times in farms B and D. Eight partial genome sequences were 
33 obtained from six different animals. Phylogenetic tree and pairwise distance analysis 
34 showed high similarity among sequences and with available genomes from different 
35 countries. This is the first study on PCV-3 infection dynamics in longitudinally sampled 
36 pigs. Most pigs got infection during their life, although PCV-3 did not appear to be linked 
37 with any specific age.
38
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45 1| INTRODUCTION
46 Recently, an emerging circovirus species was discovered and named Porcine 
47 circovirus 3 (PCV-3) 1,2. The newly described virus belongs to the family Circoviridae, 
48 genus Circovirus 3. Circovirus virions have a non-enveloped, icosahedral structure 
49 containing a circular single-stranded DNA (ssDNA) molecule. Viral DNA includes two 
50 major openi g reading frames (ORFs), which encode for capsid and replicase proteins 4,5. 
51 PCV-3 is the third member of this genus able to infect swine. PCV-1 was the first 
52 described member of this family and is considered non-pathogenic for pigs 6–8. In contrast, 
53 PCV-2 is associated with several clinical/pathological conditions and considered one of 
54 the most important pathogen of the pig industry causing important economic losses 9.
55 Since the first description in North America 1,2, many reports have identified PCV-
56 3 in Europe 10–12, Asia 13–16 and South America 17,18, suggesting a worldwide circulation. 
57 Moreover, retrospective studies have shown PCV-3 circulation at least since the 1990s 
58 19–21 and, according to phylogenetic analyses, the common ancestor was dated around 50 
59 years ago 18,22. The virus has also been detected recently in wild boar with fairly high 
60 prevalence, suggesting a potential role as reservoir for the domestic swine 23,24. 
61 The first metagenomics analyses revealed PCV-3 genome in sows with porcine 
62 dermatitis and nephropathy disease (PDNS) and chronic reproductive failure1. 
63 Subsequently, PCV-3 was found in tissue homogenates in pigs with a causally 
64 unexplained myocarditis 2. Thereafter, reports identified PCV-3 genome in nursery and 
65 fattening pigs with different clinical/pathological presentations as respiratory disorders 
66 20,25 and in neonatal piglets with congenital tremors 26. In addition, the genome was 
67 detected in apparently healthy sows and fattening pigs as well as in stillborns 11,25,27. 
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68 Based on current published data, it is not demonstrated whether PCV-3 infection is linked 
69 to a particular pathological condition or any specific age 19. 
70 Based on available literature, it looks evident that PCV-3 is present in almost all 
71 pig ages (from fetuses to adults). However, a comprehensive study of the infection 
72 dynamics of this virus in a healthy pig population has not been described so far. Therefore, 
73 the aim of the present study was to longitudinally assess the dynamics of PCV-3 infection 
74 in a set of pigs from four clinically healthy conventional farms from Spain.
75
76 2| MATERIAL AND METHODS
77 2.1| Study design
78 Serum samples corresponding to 152 pigs from four selected clinically healthy 
79 conventional farms from Spain were chosen for this study (Table 1). Samples were 
80 collected longitudinally (sampling the same individual repeatedly) during years 2012 and 
81 2016 for different study purposes 28–30. In the first farm (Farm A), 34 piglets were sampled 
82 at 2, 8, 13, 18 and 24 weeks of age. In farm B, 44 piglets were sampled at 2, 7, 12, 18, 22 
83 and 25 weeks of age. From farm C, 28 animals were followed up at 2, 6, 10, 14, 18 and 
84 25 weeks. Finally, 46 piglets were sampled at 4, 8, 12, 16, 21 and 25 weeks of age from 
85 farm D. The weeks were grouped according to the production phase (lactation, from 1 to 
86 4 weeks of age; nursery, from 5 to 9 weeks of age; and growing/fattening; >10 weeks of 
87 age) (Figure 1). 
88
89 2.2| DNA extraction and specific polymerase chain reaction (PCR) for PCV-3 
90 detection and sequencing
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91 DNA was extracted from 200 µL of serum using MagMAX™ Pathogen 
92 RNA/DNA Kit (Applied Biosystems®) according to the manufacturer’s protocol. Double 
93 distilled water and a plasmid containing the full-length PCV-3 genome included into a 
94 PCV-3 negative serum 31 were used as negative and positive controls, respectively. 
95 To detect the presence of PCV-3 DNA in tested samples, a conventional PCR 
96 assay was performed based on a previous protocol described by Franzo and colleagues 31, 
97 with slight modifications. Three µL of extracted DNA were added to a PCR mix and 
98 amplified using the below described thermal protocol. The reaction was carried out in a 
99 final volume of 50 µL mixture containing 1x PCR Buffer, 400 µM of dNTPs, 0.2 µM of 
100 forward primer located in genomic positions 233-255 (5’- 
101 AAAGCCCGAAACACAGGTGGTGT-3’), 0.2 µM of reverse primer placed between 
102 nucleotide positions 742 and 718 (5’- TTTTCCCGACATCCTGGAGGACCAAT- 3’), 
103 one Unit of DNA polymerase Platinum™ SuperFi™ (Invitrogen™) and double distilled 
104 water.  The PCR thermic protocol was 98°C for 5 min followed by 40 cycles of 94°C for 
105 30 s, 58°C for 15 s, and 72°C for 1 min, and a final elongation at 68ºC for 7 min. 
106 For sequencing purposes, the extracted DNA from PCV-3 PCR positive samples 
107 was amplified as described above, using as forward primer 5’- 
108 CACCGTGTGAGTGGATATAC- 3’ and reverse primer 5’-
109 CACCCCAACGCAATAATTGTA- 3’ (located in the genomic positions 74-94 and 
110 1,144-1,123, respectively) under the thermal conditions described by Fux and 
111 collaborator32.  In order to increase the amount of amplicon to be sequenced the PCR 
112 products were re-amplified with the same protocol. All PCR products were 
113 electrophoretically separated on 1.2% TAE agarose gel. The PCV-3 PCR-positive 
114 samples were purified using NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel) 
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115 according to the manufacturer’s protocols and the quality and quantity of genomic DNA 
116 was analysed with BioDrop DUO (BioDrop Ltd). 
117
118 2.3| Sequence analyses
119 PCV-3 positive samples were selected and submitted to Sanger-sequencing, 
120 which was performed with BigDye® Terminator v3.1 Cycle Sequencing Kit, following 
121 the manufacturer’s protocol at the Genomic and Bioinformatics Service of the Universitat 
122 Autònoma de Barcelona (Barcelona, Spain). The sequencing reactions were analysed 
123 using an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystem®). 
124 Sequences and chromatograms were manually explored to trim bad-quality bases 
125 with BioEdit 7.2 33. The assembly of the consensus sequences extracted from different 
126 fragments was attempted using DNASTAR Lasergene software 34. The partial genomes 
127 obtained were aligned using Clustal Omega 35 with 74 complete genome sequences 
128 available at the GenBank (Supplementary Table 1) and trimmed accordingly for 
129 comparison purposes. A phylogenetic tree was constructed with the Maximum-
130 Likelihood (ML) method based on the best predicted-substitution model (lowest BIC 
131 score) by means of the Tamura-Nei plus Gamma substitution model 36 using MEGA 
132 software version 7 37. The robustness of the clade was evaluated with 1,000 bootstrap 
133 replicates. The obtained sequences were deposited at the GenBank (references 
134 MH780665- MH780672).
135
136
137 2.4| Statistical analyses
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138 Statistical analyses were performed using XLSTAT 365 Microsoft Excel 2016. 
139 To test for significant differences between weeks of age in each tested farm, the Fisher’s 
140 exact test was performed. The significance level was set as 0.05.
141
142 3| RESULTS
143 3.1| PCV-3 detection by PCR
144 PCV-3 genome was detected in all tested farms and sampling points during the 
145 study period.
146 Overall, PCV-3 PCR positivity was found in 28 out of 34 (82.35%), 32 out of 44 
147 (72.72%), 22 out of 28 (78.57%) and 34 out of 46 (71.74%) pigs in farms A, B, C and D, 
148 respectively. Results of the PCV-3 frequency of detection obtained by PCR in each age-
149 group are summarised in Figure 1. Individual PCR results for each pig from each farm 
150 are displayed in Supplementary Table 2. 
151 Globally, the PCV-3 positive percentage was fairly uniform within each tested 
152 farm (Figure 1). In farm A, PCV-3 DNA detection frequency ranged from 23.53% (8 out 
153 of 34 pigs) at the second sampling to 32.35% (11 out of 34 animals) at the last one. In 
154 farm B, PCV-3 genome presence varied from 9.09% (4 out of 44, first sampling) to 
155 36.37% (15 out of 44, fifth sampling). Such frequency ranged from 10.71% (3 out of 28, 
156 fifth sampling) to 34.71% (10 out of 28, fourth sampling) in farm C, and from 6.52% (3 
157 out of 46, third sampling) to 34.78% (16 out of 46, second sampling) in farm D. No 
158 statistically significant differences were found across the tested weeks of age (p>0.05) in 
159 farms A and C; however, differences in PCV-3 frequency were detected among tested 
160 ages in farms B and D (Figure 1).
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161 In most of the cases, the detection of PCV-3 was either intermittent or found once 
162 in life (Supplementary Table 1). In farm A, 3 out of 28 (10.7%) animals showed infection 
163 intermittently and 10 animals (35.71%) had a continuous PCR-positive result during a 
164 period ranging from 5 to 22 weeks; only one pig was positive at all sampling times. In 
165 farm B, intermittent detection of PCV-3 was observed in 10 out of 44 animals (22.7%); 8 
166 more pigs (18.18%) showed continuous PCR positivity during a period of 4 to 23 weeks; 
167 again, one of them was PCV-3 PCR positive at all sampling points. In farm C, 8 out of 
168 28 (28.6%) animals had PCV-3 DNA in serum intermittently and only two more animals 
169 (7.14%) were positive during two consecutive samplings. Finally, in farm D, most pigs 
170 were PCV-3 PCR positive once during the study period (26 out of 46; 56.52%), 5 out of 
171 46 (10.87%) had an intermittent detection of PCV-3 during a period from 5 to 17 weeks, 
172 and, finally, 3 more had continuous PCR PCV-3 detection ranging from 4 to 9 weeks. 
173 The numbers of animals PCV-3 PCR positive in more than one sampling are depicted in 
174 Table 2.
175
176 3.2| Sequence alignment and phylogenetic analysis
177 In total, 8 PCV-3 partial sequences were finally obtained across three tested farms 
178 (Farms B and C) corresponding to six different animals; from two of them, sequences at 
179 two sampling points were obtained. Sequences were retrieved from four farm B pigs at 
180 12, 18, 22 and 18 plus 22 weeks of age, respectively, one farm C animal at 10 and 18 
181 weeks and another at 25 weeks of age. The obtained sequences comprised part of the rep 
182 protein gene (954 nucleotides). The phylogenetic tree and pairwise distance demonstrated 
183 high similarity among obtained PCV-3 partial sequences and also with the corresponding 
184 sequence fragment of the complete Spanish genome from a domestic pig available at 
185 GenBank (>99%) (Figure 2). In fact, most sequences obtained from farm B (4 out of 5) 
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186 were identical to the one obtained from a 25 week-old pig from farm C, and clustered 
187 close to USA and China sequences. The two sequences from the same pig (10 and 18 
188 weeks of age) of farm C were identical, and very close (99.9%) to the existing Spanish 
189 complete genome sequence from the GenBank from a domestic pig. One sequence from 
190 farm B clustered together with a German sequence, although nucleotide identity was 
191 >99% as well.
192
193 4| DISCUSSION
194 Several epidemiological reports have detected PCV-3 genome in pigs from all 
195 production phases, associated or not with pathological disorders 1,2,25–27. However, the 
196 lack of an existing comprehensive approach on the dynamics of infection justified to carry 
197 out specific research on longitudinally sampled animals and assess how the virus is 
198 circulating in conventional healthy farms. Moreover, already published studies testing 
199 PCV-3 frequency in different age-groups are fragmented and comparisons are not 
200 possible since information came from different sources, farms and countries. Therefore, 
201 the present study represents the first approach to investigate the PCV-3 infection 
202 dynamics in the same subset of animals. 
203 Obtained results confirmed that this virus is apparently widespread (at least in the 
204 four selected farms), able to infect pigs at all tested ages and to cause long-term infection 
205 in few animals. In fact, there was not a particular PCV-3 infection dynamics pattern that 
206 could be inferred from the frequency of detection in the four studied farms. The higher 
207 frequency of PCV-3 genome detection occurred at different time-points in the studied 
208 herds, which might be linked with the potential existence of maternally derived immunity 
209 or its duration. 
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210 However, while this might be the case for farms B, C and D (lower frequency of 
211 PCV-3 infection at early ages), a different situation was found in farm A, where a 
212 moderate percentage of infected piglets was already detected at 2 weeks of age (around 
213 26%). It is possible that such amount of PCV-3 PCR positive pigs at early ages is related 
214 with intrauterine infections, but the fact that a low-moderate percentage of pigs were 
215 found PCV-3 infected at all tested ages poses certain discussion elements on how the pig 
216 immune system reacts against this virus. Definitively, further studies are needed to assess 
217 the circulation patterns of PCV-3 as well as to develop techniques to monitor the immune 
218 response against the virus, still lacking at present.
219 The most obvious comparison of PCV-3 infection dynamics is with that of PCV-
220 2, another member of the Circoviridae family. In the specific case of this latter infectious 
221 agent, the virus is considered of ubiquitous nature 38 and can be found in different age 
222 groups. However, a distinct pattern of dynamics of infection is seen for PCV-2 in non-
223 vaccinated farms, with usual low or very low prevalence during the lactating period, loss 
224 of maternally derived immunity between 6-10 weeks of age and subsequent peak of 
225 infection during the late nursery or early fattening period 39–41. In general, the prevalence 
226 at the peak of infection can be rather high, being close to 90-100% of infected pigs in 
227 some cases 40,41, which is fairly different from current observations for PCV-3. An 
228 interesting point would have been the study of the infection status of sows, since at least 
229 for PCV-2 is known that infection at early ages is correlated with the percentage of 
230 infection in sows 41. Sow sera were not available for the present study, but PCV-3 has 
231 already been detected in 29% of the tested serum from sows in farms located in Poland 
232 and 47.37% in Thailand 12,42.
233 In the present study a quantitative PCR described by Franzo and colleagues 31 was 
234 attempted in some of the PCV-3 positive samples (data not shown). High Ct values were 
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235 obtained in most of the cases, and the viral load was below the quantification limit of the 
236 PCR (10 copies of DNA/µL). These results are in agreement with studies that detected 
237 low amount of PCV-3 DNA in serum samples 12,25,32, which would suggest a subclinical 
238 infection. Moreover, this was probably the main reason why only a few number of PCV-3 
239 sequences were obtained. 
240 Phylogenetic analyses and pairwise distance estimation with the eight PCV-3 
241 partial sequences obtained throughout this study demonstrated high similarity with the 
242 corresponding sequences available at GenBank. Moreover, the sequences from the same 
243 animal (farm C) at 10 and 18 weeks of age were identical, as well as the sequences from 
244 the animal (farm B) analyzed at 18 and 22 weeks. These results would suggest possible 
245 long-lasting or persistent infections of PCV-3 in some animals with the same viral variant. 
246 Taking into account the low number of sequences obtained, it was not possible to assess 
247 if more than one PCV-3 strain was circulating in the same animal over time. However, at 
248 least two different strains were detected in both farms B and C taking into account the 
249 phylogenetic distribution of obtained sequences, indicating that the potential circulation 
250 of more than one strain in the same farm and, eventually in the same animal, is feasible.  
251 In any case, all sequences obtained were very closely phylogenetically related, indicating 
252 the low variability found so far with PCV-3 in comparison with PCV-2, and further 
253 suggesting a much lower mutation rate of the novel virus compared with other 
254 circoviruses 19. Importantly, the potential long-lasting or persistent infections seem to be 
255 relatively frequent based on obtained results; a variable percentage ranging from 6.5% 
256 (farm D) to 25% (farm B) of analyzed pigs were PCR positive during 3 or more 
257 samplings. Long duration of infection is rather typical of ssDNA viruses infecting swine 
258 such as PCV-2 39,40 and Torque teno sus viruses 43,44. 
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259 Obtained partial sequences were very close each other although a broad mixing 
260 among sequences from Spain and different countries were found. However, in all cases 
261 the nucleotide identity among them was very high (>99%), suggesting that minimal 
262 variation does currently exist among PCV-3 strains. Of course, the complete genome 
263 would have been more accurate in order to distinguish potential different variants 
264 infecting the studied farms.
265 In summary, this is the first longitudinal study to assess the infection dynamics of 
266 PCV-3 in commercial healthy farms. Although a particular general infection dynamics 
267 pattern was not able to be ascertained, the obtained data confirmed that PCV-3 circulated 
268 in the chosen clinically healthy farms at all tested ages and most pigs got infection during 
269 their lifetime. 
270
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424 FIGURE LEGENDS
425 FIGURE 1 Percentage of PCV-3 frequency on tested farms distributed according to the 
426 analysed weeks of age and production periods for farms A, B, C and D.
427 FIGURE 2 Phylogenetic tree of PCV-3 based on the partial genomes obtained from pigs 
428 longitudinally sampled and the corresponding sequences from PCV-3 full genomes 
429 available at GenBank. The phylogenetic tree was constructed using the maximum-
430 likelihood algorithm of MEGA 7 Software with 1,000 bootstraps replicates. The obtained 
431 sequences of the present study have been coloured in red.
432
433
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434 TABLE 1 Production system, farm size and vaccination programs applied in piglets and sows in the farms under study.
435
Farm ID Production system Herd size Sow vaccination program* Piglet vaccination 
program*
Farm A Two-site, AI-AO 1,800 sows ADV, PPV, Ery, EC, CP, PRRSV PCV-2, Mhyo
Farm B Multi-site, AI-AO 3,300 sows ADV, PPV, Ery, EC, CP PCV-2, Mhyo
Farm C Two-site, AI-AO 800 sows ADV, PPV, Ery, EC, CP, PRRSV, SIV Mhyo
Farm D Two-site, AI-AO 1,500 sows ADV, PPV, Ery, EC, CP, PRRSV Mhyo
436
437 AI-AO: all in-all out management practices
438 *ADV: Aujeszky’s disease virus; PRRSV: Porcine reproductive and respiratory syndrome virus; PPV: Porcine parvovirus; PCV-2: Porcine 
439 circovirus 2; SIV: Swine influenza virus; Ery: Erysipelothrix rhusiopathiae; Mhyo: Mycoplasma hyopneumoniae; EC: Escherichia coli; CP: 
440 Clostridium perfringens
441
442
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443 TABLE 2 Number and percentage of PCV-3 PCR positive and negative pigs during all the study period and number of PCV-3 PCR positive pigs 
444 during 1, 2, 3 and 4 or more sampling times. 
445
PCV-3 PCR positive 
pigs along the study 
period
 (%)
PCV-3 PCR 
positive pigs at 1 
sampling 
(%)
PCV-3 PCR 
positive pigs at 2 
samplings
 (%)
PCV-3 PCR 
positive pigs at 3 
samplings
 (%)
PCV-3 PCR 
positive pigs at 
≥4 samplings 
(%)
Pigs PCV-3 
PCR negative at 
all samplings 
(%)
Farm A 28/34
 (82.35%)
15/34
(44.12%)
10/34
(29.41%)
2/34
(5.88%)
1/34
(2.94%)
6/34
(17.65%)
Farm B 32/44 
(72.73%)
14/44
(31.82%)
7/44
(15.91%)
3/44
(6.82%)
8/44
(18.18%)
12/44
(27.27%)
Farm C 22/28 
(78.57%)
12/28
(42.86%)
6/28
(21.43%)
3/28
(10.71%)
1/28
(3.57%)
6/28
(21.43%)
Farm D 34/46 
(73.91%)
26/46
(56.52%)
5/46
(10.87%)
3/46
(6.52%)
0/46
(0%)
12/46
(26.09%)
446
447
Page 19 of 21
https://mc.manuscriptcentral.com/vetrec
Veterinary Record
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Confidential: For Review Only
 
FIGURE 1 Percentage of PCV-3 frequency on tested farms distributed according to the analysed weeks of 
age and production periods. A= Farm A; B= Farm B; C= Farm C; D= Farm D. 
297x210mm (300 x 300 DPI) 
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